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ABSTRACT
We present new Large Binocular Telescope, Hubble Space Telescope, and Spitzer Space
Telescope data for the failed supernova candidate N6946-BH1. We also report an un-
successful attempt to detect the candidate with Chandra. The ∼300,000L red su-
pergiant progenitor underwent an outburst in 2009 and has since disappeared in the
optical. In the LBT data from May 2008 through October 2019, the upper limit on
any increase in the R-band luminosity of the source is 2000L. HST and Spitzer ob-
servations show that the source continued to fade in the near-IR and mid-IR, fading
by approximately a factor of 2 between October 2015 and September 2017 to 2900L
at H band (F160W ). Models of the spectral energy distribution are inconsistent with
a surviving star obscured either by an ongoing wind or dust formed in the transient.
The disappearance of N6946-BH1 remains consistent with a failed supernova.
Key words: black hole physics; stars: massive; Astrophysics - Solar and Stellar
Astrophysics; Astrophysics - High Energy Astrophysical Phenomena
1 INTRODUCTION
In modern theoretical models of supernovae (SNe), it is ex-
pected that some 10-30% of core collapses fail to lead to
an SNe and instead become black holes (e.g. O’Connor &
Ott 2011; Pejcha & Thompson 2015; Sukhbold et al. 2016)
with a weaker intermediate transient (Lovegrove & Woosley
2013). Fall back SNe, where a successful SN explosion falls
back onto the proto-neutron star and leads to black hole for-
mation, are expected to be very rare (Sukhbold et al. 2016).
The existence of failed SNe naturally explains both the ap-
parent lack of higher mass progenitors to red supergiants
(Kochanek et al. 2008; Smartt et al. 2009) and the compact
object mass function (Kochanek 2014; Kochanek 2015).
From observations of interacting black hole binaries
(McClintock & Remillard 2006) and noninteracting bina-
ries (Thompson et al. 2019), as well as LIGO (e.g., Abbott
et al. 2016), we know that stellar mass black holes exist.
However, the mass distribution of black holes inferred from
interacting binaries and merging systems is intrinsically bi-
ased (e.g., Belczynski et al. 2016), and tells us nothing of
the parent populations of stars which produced these black
holes. There is basically no prospect of existing or next gen-
eration neutrino or gravitational wave detectors observing
the formation of a new black hole (see Adams et al. 2013).
This leaves surveys like that proposed by Kochanek et al.
(2008) as the only current prospect of directly investigating
the formation of black holes.
In Kochanek et al. (2008), we proposed a search for
failed SNe by looking for massive stars which “vanish”. We
reported first results and a first candidate N6946-BH1 in
Gerke, Kochanek & Stanek (2015), with follow up observa-
tions of the candidate in Adams et al. (2017a) and updated
statistics in Adams et al. (2017b). The implied SN rates and
the properties of the candidate were both consistent with
expectations.
There is no doubt that the progenitor of N6946-BH1
was a massive luminous star that subsequently vanished in
the optical and has at best a much fainter and fading near-IR
counterpart. The absence of a warm-Spitzer counterpart im-
plies that the star cannot be obscured by a present day, dusty
wind. Newly forming dust is hot, leading to visible near/mid-
IR emission unless the optical depths are very high. This
leaves the possibility of obscuration by dust formed during
the transient associated with the vanishing of the star.
Ideally we would test this hypothesis with James Webb
Space Telescope (JWST) observations at 10-20µm to search
for the mid-IR dust emission required by this hypothesis,
and this remains a future prospect. However, time will also
tell. A required feature of any model obscuring the progen-
itor with an expanding shell of dust is that the star must
eventually reappear. A uniform shell has an optical depth
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that drops as t−2, and any evolution of the shell to be less
homogeneous then accelerates the rate of decline (Kochanek,
Szczygie l & Stanek 2012). As time passes, increasingly im-
plausible masses of ejecta and dust are also required to main-
tain the veil.
In Adams et al. (2017a), we reported on continued
Large Binocular Telescope (LBT) observations of N6946-
BH1 through the end of 2015 along with Hubble Space
Telescope (HST) F606W (V), F814W (I), F110W (J), and
F160W (H) band observations. In the LBT data we could
see no evidence for any late-time brightening or fading of
the source in the U, B, V, and R bands. In the optical HST
bands, the star had effectively vanished, but there did seem
to be a faint, fading near-IR counterpart whose luminosity
was consistent with some models (e.g. Perna et al. 2014) for
late-time accretion onto a newly formed black hole. While
the rate of decline in the luminosity is consistent with the
existence of an accretion disk, Ferna´ndez et al. (2018) found
it surprising that we observed the luminosity fading on these
timescales, claiming that the bolometric luminosity should
decay minimally or be roughly constant for many years.
In this paper, we extend the LBT monitoring observa-
tions through the end of 2019. We discuss new HST J and H
band observations from September 2017 and a 4.5µm SST
observation from September 2018, roughly two and three
years after the previous observations, respectively. We still
see no changes in the optical emission at the location of
N6946-BH1, while the source faded in the near-IR and mid-
IR. We also report an unsuccessful attempt to detect an X-
ray counterpart with the Chandra X-ray Observatory. We
discuss the data in §2, and model various aspects of the
data in §3 and §4. We discuss the results in §5. We adopt
the revised distance to NGC 6946 of 7.7 Mpc (Anand, Rizzi
& Tully 2018) and a Galactic extinction of E(B −V) = 0.303
based on the Schlafly & Finkbeiner (2011) recalibration of
Schlegel, Finkbeiner & Davis (1998).
2 OBSERVATIONS AND DATA
We obtained new HST WFPC3/IR F110W (J) and F160W
(H) band images of N6946-BH1 on 2017 September 15. We
obtained 3 dithered images in both the J and H bands, with
total integration times of 1350 and 1500 seconds, respec-
tively. We reduced the data using dolphot (Dolphin 2000).
We compare these images with HST Wide Field Camera 3
(WFC3) IR J and H band images from 2015 October 8, us-
ing iraf to align the 2015 and 2017 images with a simple
rotation and then using isis (Alard & Lupton 1998; Alard
2000) to generate difference images between the two epochs.
We do photometry on the unaltered 2017 images using
dolphot with the parameters and procedures described in
Adams & Kochanek (2015). We use a drizzled 2007 HST
WFPC2 F814W (I) band pre-outburst image as the astro-
metric reference as in Adams et al. (2017a). The 2017 im-
ages are aligned to the pre-outburst image with tweakreg
and tweakback from the drizzlepac package with an rms
error of 0.05 arcsec. Using the pre-outburst image as the
reference allows us to do photometry at the known location
of the progenitor. Using the new H band image as the ref-
erence for photometry yields similar results. We will adopt
the values obtained from the aligned images with the 2007
Table 1. Photometry.
MJD Date Filter Magnitude Telescope
57303.3 2015-10-08 UVIS F814W 26.02 ± 0.16 HST
57303.3 2015-10-08 IR F110W 23.75 ± 0.02 HST
57303.3 2015-10-08 IR F160W 22.38 ± 0.02 HST
57408.2 2016-01-21 3.6 µm 18.47 ± 0.18 SST
57408.2 2016-01-21 4.5 µm 17.46 ± 0.09 SST
58011.9 2017-09-15 IR F110W 24.20 ± 0.03 HST
58011.9 2017-09-15 IR F160W 22.89 ± 0.04 HST
58381.9 2018-09-20 4.5 µm 18.01 ± 0.15 SST
epoch as a reference to remain consistent with Adams et al.
(2017a).
Our 2015 and 2017 WFC3-IR J and H band images of
the region surrounding the candidate are shown in Fig. 1. We
also show the difference between them, where black (white)
indicates a source that has become brighter (fainter). The
source whose position is consistent with that of the candi-
date appears to have faded between the two HST epochs
by approximately 0.5 mag. The HST and SST magnitudes
from observations since 2015 are shown in Table 1. The old
HST mags are repeated here from Adams et al. (2017a). Our
rederived SST magnitudes for 2015 agree with the values re-
ported in Adams et al. (2017a). As a luminosity (νLν), the
source has dropped from 2900L to 1900L at J band and
from 4600L to 2900L at H band. Shifting the luminosity
of the progenitor from Adams et al. (2017a) to the revised
distance (105.29L → 105.51L), these near-IR luminosities
are less than 1% of the luminosity of the progenitor and cor-
respond to luminosities of 5.8 and 8.8 ×10−3LE relative to
the Eddington luminosity LE for a 10M black hole.
We calculate the odds of an unrelated source being de-
tected at the same location as the progenitor as in Adams et
al. (2017a). The closest dolphot source is 0.050 arcsec from
the progenitor position. With a 4.2 arcsec−2 surface density
of sources, the odds of an unrelated source being detected at
the same location purely by chance is 3.2%. For sources as
bright as or brighter than the detection in J band, the sur-
face density is 0.76 arcsec−2 and the likelihood is 0.6%. For
the detection in H band, the surface density is 0.64 arcsec−2
and the likelihood is 0.5%.
We incorporate new channel 2 (4.5µm) Spitzer Space
Telescope (SST) data from 2018 September 20 (program ID:
13239; PI: K. Krafton) in addition to archival SST data into
our analysis. We do aperture photometry following Adams
et al. (2017a), using a 2.4 arcsec aperture and 2.4-4.8 arc-
sec radius sky annulus (Table 1). We use the 3.6 and 4.5µm
aperture corrections from Table 4.7 of the IRAC Instrument
Handbook.1 We also use aperture photometry on the differ-
ence images to generate a light curve. In this light curve, we
observe that the most recent mid-IR flux is now below its
minimum value in all previous epochs.
The LBT data for NGC 6946 used here consists of 42
UBVR epochs taken from 2008 May 3 through 2019 October
24. We used the iraf mscred package for data reduction
and isis for photometry and generating light curves. The
reference images used are identical to Adams et al. (2017a)
1 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
iracinstrumenthandbook/
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Figure 1. Near-IR HST images centered on the location of
N6946-BH1. The top row shows the 2015 J (left) and H band
(right) images. The middle row shows the corresponding 2017
images. The bottom row shows the difference images. The circles
have a radius of 1 arcsec. Darker colors in all panels indicate a
greater flux. The faint IR emission has faded by a factor of ∼2
from 2015 to 2017.
and they were generated using the best ∼ 20% of the data
from the first 6 years of the survey.
We extracted light curves both at the position of N6946-
BH1 and for a comparison sample (Figs. 2 and 3). Our com-
parison sample is a grid of 12 points surrounding N6946-
BH1 with an inner grid spacing of 7 pixels and an outer
grid spacing of 15 pixels as in Johnson, Kochanek & Adams
(2017). The pixel scale is 0.2255 arcsec pixel−1, so the com-
parison sample probes the space within several arcseconds of
the candidate. Three of the twelve points in the comparison
sample were eliminated due to their proximity to variable
stars. We flag “low-quality” data, defined by seeing >1.′′5 or
an isis flux scaling factor <0.8, as in Johnson, Kochanek &
Adams (2017). A low flux scaling factor indicates that the
image was taken through clouds or at a high airmass.
We observed N6946-BH1 with ACIS-S3 (Garmire et al.
2003) on board the Chandra X-ray Observatory (Weisskopf
et al. 2002) on 2016 September 28 with an exposure time of
58.6 ks. We analyzed the level 2 event files from the stan-
dard pipeline products distributed from the Chandra X-ray
Center, where the events were filtered using the standard
ASCA grades of 0, 2, 3, 4, and 6, good flight time intervals,
Table 2. Variability limits.
Band Variability [103L] Slope [103L/yr]
RMS 〈σ2 〉1/2 Sample Late-Time Sample
R 0.9 0.6 0.8 ± 0.1 0.09 ± 0.08 0.04 ± 0.03
V 2.4 0.6 1.4 ± 0.2 0.18 ± 0.21 0.09 ± 0.04
B 1.6 0.9 1.6 ± 0.4 0.04 ± 0.14 0.10 ± 0.09
U 2.8 2.0 3.2 ± 0.5 −0.32 ± 0.23 0.20 ± 0.15
and status flags. We did not detect the X-ray counterpart
of the failed supernova, and set 90% confidence upper limits
on the count rate as 5.1 × 10−5 ct s−1 in the full 0.5-7 keV
band, and 6.1, 3.9, and 3.9 ×10−5 ct s−1 in the 0.5-1.2, 1.2-2,
and 2-7 keV bands using the CIAO tool aprates. Assuming
a power law spectrum with a photon index of 1.7 and adopt-
ing NH = 3.9×1021 cm−2 for the combined Galactic and host
galaxy absorption to X-ray sources in NGC 6946 based on
the X-ray spectral fit results of Holt et al. (2003), we obtain
90% confidence unabsorbed flux upper limits of 8.1, 20.8,
2.9, and 7.1×10−16erg cm−2 s−1, in the total, soft, medium,
and hard bands, respectively. Assuming a blackbody spec-
trum of 1 keV temperature yields similar limits on the flux of
7.4, 13.3, 2.8, and 6.7×10−16erg cm−2 s−1. Assuming a 10M
black hole and a distance of 7.7 Mpc, these upper limits cor-
respond to 1500L or 4.6× 10−3LE for the power law model
and 1400L or 4.2 × 10−3LE for the blackbody.
If we assume that the black hole is radiating at the
Eddington luminosity, we can estimate the neutral hydro-
gen column density, N(H), required to reduce the flux below
our 5.1 × 10−5 ct s−1 upper limit. Using the Chandra Pro-
posal Planning Toolkit PIMMS v4.10,2 we estimate N(H)
& 1× 1024 cm−2. This estimate does not strongly depend on
whether we adopt a power law or blackbody model for the
input flux. The mass required to produce this absorption
is roughly M = N(H)4piR2mH where R is the radius of the
dusty shell and mH is the mass of hydrogen. For R ∼ 1016
cm (assuming an ejecta velocity of a few hundred km s−1,
see Fig. 4), we find that & 1M of material is required. This
is small compared to the 13M hydrogen envelope ejected
in the failed SN model for a ∼ 25M progenitor (Woosley,
Heger & Weaver 2002), so the absence of X-rays is not sur-
prising. If there is accretion, the absence of X-rays rules out
significantly higher ejecta velocities than expected for this
scenario.
3 LONG-TERM VARIABILITY AND TRENDS
Our difference imaging photometry for the candidate in the
LBT UBVR images is shown in Fig. 2. The light curve of
N6946-BH1 is in red and the range spanned by the light
curves of the comparison sample is given by the grey shaded
region. Good data points are indicated by black circles and
“low-quality” data points are indicated by open circles. The
R and U band references used for difference photometry were
built without using any pre-outburst images which included
the progenitor. However, the V and B band references did
include a few such images, so we performed a correction on
2 https://cxc.harvard.edu/toolkit/pimms.jsp
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Figure 2. The UBVR difference photometry for N6946-BH1. Black circles indicate “good” data and open circles indicate “low-quality”
data. The grey shaded region shows the dispersion of the comparison sample. The vertical dashed line indicates the observed transient
peak (2009-03-25). The comparison sample is contaminated by the transient near its peak, leading to a large dispersion at these epochs.
Figure 3. R-band images centered on the location of N6946-BH1. From left to right, the panels show the reference image, a pre-outburst
image of the progenitor (2008-05-03), and two “good” post-outburst difference images: the minimum luminosity (2013-12-03), and the
maximum luminosity (2015-04-20). The scales of the difference images are symmetric about zero. The red circles are 1 arcsec in radius
and are centered on N6946-BH1. The smaller blue circles indicate the positions used for the comparison sample. In all panels, darker
colors indicate a greater flux.
the V and B band light curves to account for this contam-
ination. Aside from data points taken in poorer conditions,
the variability seen at the location of the candidate is essen-
tially indistinguishable from the variability at other nearby
locations.
This is also illustrated in Fig. 3 where we show the R-
band reference image, a pre-outburst image of the progeni-
tor, and R-band images with the minimum (2013-12-03) and
maximum (2015-04-20) post-transient fluxes. The structure
of the images at the position of the candidate are no different
than that at the locations used to produce the comparison
sample, again consistent with the lack of any variable source
corresponding to the candidate.
Table 2 characterizes the stochastic variability of
N6946-BH1 using the root-mean-square (RMS) and the isis
noise estimate, 〈σ2〉1/2, of the post-outburst light curves.
MNRAS 000, 1–9 (2020)
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Figure 4. Parameters of the best fit models for a surviving source behind a dusty shell as a function of the dust temperatures (Td ,
x-axis) at the inner edge of the shell. The upper left panel shows the best-fit luminosities of our models, the upper right panel shows
the best-fit inner dust radii, the lower left panel shows the best-fit optical depths, and the lower right panel shows the corresponding
χ2 values. Models for the old, 2015/2016 HST/SST measurements are shown with dashed lines, while models for the more recent
2017/2018 HST/SST measurements are shown by solid lines. Larger (smaller) black points indicate that the models fit better (worse).
Each colored curve corresponds to a constant stellar temperature, T?: Blue - 3500 K, Yellow - 5000 K, Green - 7500 K, Red - 10000 K,
and Purple - 20000 K. The thicker curves indicate models with a luminosity L? > 105L. In the upper left, the solid black line shows the
luminosity of the progenitor. In the upper right, the solid (dashed) black lines corresponding to the new (old) measurements show the
170 < ve j < 560 km s−1 constraint on the ejecta velocity from Adams et al. (2017a).
The average RMS for the comparison sample and the stan-
dard deviation about this average are reported under the
first “Sample” column. The RMS tends to be about twice as
large as the isis noise estimate. Since the isis noise estimate
only considers Poisson statistics, this number is not surpris-
ing, and the comparison sample RMS is likely a better indi-
cator of the limits on any potential variability. The RMS for
N6946-BH1 is consistent with the RMS of the comparison
sample except for the V band, which has a slightly inflated
value due to the contribution from “low-quality” data points
to the RMS (Fig. 2). We conclude that there is no evidence
from the RMS for stochastic variability in the late-time light
curve of N6946-BH1 at the level of ∼ 1000L.
We also performed a linear fit, L(t) = At + B, to the
MNRAS 000, 1–9 (2020)
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Figure 5. The corrected optical depths (solid lines) and expected
optical depths (dotted lines). The corrected optical depth is de-
fined as the optical depth required for the new measurements
when the luminosity determined from the old measurements is
held constant in our updated models. The expected optical depth
follows a t−2 evolution between the two epochs. The colors of the
curves indicate the effective stellar temperature, the thick curves
indicate a luminosity L? > 105L, and the sizes of the black points
roughly correspond to the goodness of fit as in Fig. 4.
post-outburst light curves to look for long-term trends in
luminosity. This used data from epochs beginning with 2012
April 28, ensuring that sufficient time had passed for the
transient to fade. The slopes in Table 2 are both positive and
negative across the bands, and very close to 0 Lyr−1. From
the start date until October 2019, the changes in luminosity
are 700±600, 1300±1600, 300±1000, and −2400±1700L in
the R, V, B, and U bands (corresponding to 2σ upper limits
of 2000, 4500, 2400, and 1000L). We also do linear fits to
the points in the comparison sample and report the average
absolute value of their slopes and their standard deviations
in the second “Sample” column in Table 2. The variability of
N6946-BH1 is consistent with the comparison sample, with
a slope close to zero that is consistent with the absence of
any long-term trends.
4 SED MODELS
If we adopt a range of temperature estimates for a surviving
source and fit the new HST and SST near-IR and IR fluxes,
we can determine the allowed luminosity of the source as
a function of the temperature Td of any surrounding dust.
We do this using DUSTY (Ivezic & Elitzur 1997; Ivezic,
Nenkova & Elitzur 1999; Elitzur & Ivezic´ 2001), a radiative
transfer code which models the light from a star surrounded
by a spherical dusty shell or a dusty wind. As in Adams et
al. (2017a), DUSTY is run inside an Markov Chain Monte
Carlo (MCMC) wrapper to optimize the fits and to estimate
Figure 6. Ejecta mass Me j = 4piR2dτV /κV implied by the optical
depth for an opacity of κV = 100 cm2 g−1. The grey shaded region
shows a range of possible ejecta masses from η Carinae’s Great
Eruption. The colors of the curves indicate the effective stellar
temperature, the thick curves indicate a luminosity L? > 105L,
and the sizes of the black points roughly correspond to the good-
ness of fit as in Fig. 4.
uncertainties. Here, we only consider the case of a dusty shell
as models with a dusty wind were previously ruled out in
Adams et al. (2017a). Such models were too bright in the
near/mid-IR due to the presence of hot dust.
For our models, we consider our 2015 HST I band image
to be an upper limit, as there was no coincident source in
the optical, but we consider both our 2015 and 2017 J and
H band images to be detections of the source in the near-IR.
The latest SST channel 1 and channel 2 data points (2016-
01-21 and 2018-09-20) are among the lowest observed IR
measurements and are treated as upper limits due to poten-
tial issues with aperture photometry in a crowded field given
SST’s resolution. We only consider the case of silicate dust,
which is the type of dust favored to be formed from massive
stars. The results will not strongly depend on whether we
use silicate or graphitic dust.
We consider a range of stellar temperatures from T? =
3500 to 20000 K. Adams et al. (2017a) noted that a temper-
ature of 3500 K was likely for the progenitor. At each stellar
temperature, we run a model with a fixed inner edge dust
temperature Td, ranging from 100 to 1500 K. The outer and
inner dust radii are fixed to a ratio of 2.0 as it has little
effect on the fits. With T? and Td fixed, the fits determine
the visual optical depth of the shell τV and the luminosity
of the star L?. We show the results of our fits in Fig. 4. The
results for the 2015 HST and 2016 SST data are shown by
the dashed lines, and the results for the 2017 HST and 2018
SST measurements are given by the solid lines. The thicker
lines indicate a luminosity L? > 105L. The size of the black
MNRAS 000, 1–9 (2020)
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Figure 7. Energies required for the velocities and ejecta masses
in Figs. 4 and 6. The black horizontal lines show a typical SN
energy, the kinetic energy of η Carinae’s Great Eruption, and a
rough estimate of the luminous energy of the observed transient.
The colors of the curves indicate the effective stellar temperature,
the thick curves indicate a luminosity L? > 105L, and the sizes
of the black points roughly correspond to the goodness of fit as
in Fig. 4.
points roughly indicates the quality of the fits, with larger
points corresponding to smaller χ2 values.
In the upper-left of Fig. 4 we see that only hot stars
(T? & 10000 K) can have present day luminosities similar to
that of the progenitor (∼300000 L, given by the black line).
A star with a temperature similar to that of the progenitor
(T? ≈ 3500 K, the blue curve) must be far fainter. Because
the near-IR emission has faded, the required temperature
increases between the two HST epochs.
For ejecta velocities of 170 < vej < 560 km s−1 (esti-
mated by Adams et al. 2017a), the ejecta lie between the
black lines at roughly Rd = 1016 cm. This allows the dust to
be cool enough (Td ∼ 800 K) to be invisible to warm SST.
Note that the hot star solution with Td ≈ 800 K fits badly
because it struggles to keep the flux below the SST upper
limits. Solutions with hotter dust require very slow expan-
sion speeds and essentially approach a dusty wind model.
Very cold dust generally requires very fast ejecta velocities
and the large dust radii also require larger dust masses. Mod-
els with either very hot or very cold dust are generally bad
fits.
In the lower left of Fig. 4, we see that the optical depths
required to fit the new epochs are generally lower than those
required to fit the SED in 2015/2016. If we adopt the epochs
of the HST observations as the dates for the SEDs and 2008
Nov 25 as the date of the outburst, then the predicted change
in the optical depth between the two observations for a t−2
scaling is τV1 ≈ 0.6 τV0 since the observations were made
6.9 and 8.8 years after the outburst. While the SED models
do show small drops in the estimates of τV , typically to a
fraction >0.9 of τV0 , the decrease is too small for an expand-
ing shell over this time period. In fact, the observed drop
is primarily driven by the lower luminosities found for the
later epoch – the drop in the near-IR flux leads to lower-
luminosity solutions that need less dust to keep the SED
below the optical and mid-IR flux limits.
We can approximately correct for this effect by defining
a luminosity-corrected optical depth for the second epoch of
τV1,corr ≈ τV1 + ln(L0/L1), where L0/L1 is the ratio of the lu-
minosities between the two epochs. This correction is small,
with an average ratio τV1,corr/τV1 = 1.08. Fig. 5 compares
the corrected optical depth estimates (dashed lines) with
the prediction for an expanding shell extrapolated from our
first epoch (dotted lines). Both with and without the cor-
rection, the optical depths at the second epoch are too large
to be consistent with the expected evolution of the optical
depth between the two epochs.
The optical depth can be roughly converted to an ejecta
mass by Mej = 4piR2dτV /κV for a dust opacity scaled by
κV = 100 cm2 g−1. The ejecta mass is shown in Fig. 6, with
the black line representing the Great Eruption of η Carinae
for comparison (Humphreys & Davidson 1994; Humphreys,
Davidson & Smith 1999). The newest measurements require
a lower ejecta mass than the old measurements due to the de-
creasing L? and Rd in the models of the new measurements
with lower IR fluxes. Hiding the star requires an ejecta mass
of ∼ 0.1−1(κV /100 cm2 g−1)−1M assuming a sufficiently hot
star. While the lack of optical depth evolution is inconsistent
with an expanding shell, the mass budget is still plausible
given that it is much less than the total hydrogen envelope
mass of ∼ 13M for a ∼ 25M red supergiant.
Based on the velocities and ejecta masses in Figs. 4
and 6, we estimate the required ejecta energies with the
results shown in Fig. 7. The black horizontal lines show
the energy of a typical SN (∼ 1051 ergs), the kinetic en-
ergy of η Carinae’s Great Eruption (1048.8 ergs, Davidson
& Humphreys 1997) and an estimate for the luminous en-
ergy of the transient (∼ 1047 ergs). Plausible kinetic energies
should be larger than the observed luminous energy.
For our calculations throughout this section, we com-
puted the velocity, mass, and energy using the inner edge
dust radius. If we instead consider the outer edge dust ra-
dius, we find a velocity and a mass that are two times larger,
and an energy that is roughly five times larger. Such changes
only strengthen our conclusions.
5 SUMMARY
We present new LBT, HST, and SST data for our failed
supernova candidate in NGC 6946. Investigation of the LBT
light curve finds no evidence for either variability or long-
term trends in the luminosity of any possible surviving star
with an upper limit of 2000L for any re-brightening of the
R-band luminosity. HST and SST observations in 2017/2018
show that the source has faded by nearly a factor of 2 in the
near/mid-IR since the 2015/2016 epochs.
Using our HST and SST observations, we create SED
models for a potential surviving source surrounded by a
spherical shell of dust. The most interesting result from these
models is the requirement for minimal evolution of the opti-
MNRAS 000, 1–9 (2020)
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cal depth between the two epochs under the assumption of
a surviving star, which does not match the behavior of an
expanding dusty shell. In addition, lower luminosity sources
are more favored given the apparent decline in flux in the
most recent HST and SST data. To hide a ∼300000L star
like the progenitor, our models require a much higher ef-
fective stellar temperature (T? & 10000 K) for a surviving
source. Otherwise, a star with similar effective temperature
to the progenitor (∼ 3500 K) must be intrinsically much
fainter. Obscuration by an ongoing wind remains ruled out
by the new data.
We also searched for X-ray emission with Chandra,
which would be produced by fallback accretion onto a black
hole. This unsuccessful attempt set an upper limit on the
luminosity of an accreting, 10M black hole at 4.2×10−3LE .
If such a black hole were radiating at the Eddington limit in
X-rays, the observing limit would be met given an obscuring
column of N(H) & 1024 cm−2, roughly corresponding to an
ejecta mass of & 1M that would be easily exceeded by a
failed supernova of a ∼ 25M star with 13M of ejecta.
We know of no other star which has been so dust
enshrouded for so long. The most famous example which
we can compare to our candidate is η Carinae, which
erupted and then dimmed over decade-long timescales (see
Humphreys & Davidson 1994; Humphreys, Davidson &
Smith 1999). Following its second outburst in the mid to
late 1800s, its luminosity remained relatively constant at a
few percent of its initial luminosity before gradually begin-
ning to re-brighten in the mid 1900s. However, there are two
problems with this analogue as an explanation. First, η Cari-
nae would have been a tremendously luminous warm Spitzer
source for this entire period, easily seen in any nearby galaxy
like NGC 6946 (Khan et al. 2010; Khan, Stanek & Kochanek
2013). Second, η Carinae’s evolutionary time scales, includ-
ing its outburst were decades, while the outburst time scale
of N6946-BH1 was less than a year. This would suggest that
the “recovery” time scale for this system should also be far
faster than observed for η Carinae.
Our candidate remains at a luminosity of ∼1% of its
progenitor and we have not detected re-brightening nearly
a decade after the initial outburst. Continued optical and
near-IR monitoring is one means of showing there is no sur-
viving dust-obscured star. It is, however, a somewhat indi-
rect method. After JWST launches, 10-20µm observations
can directly test the possibility that a luminous star is hid-
den in cooler dust than can be detected with SST obser-
vations. For now, N6946-BH1 remains an excellent failed
supernova candidate with no compelling alternative expla-
nation.
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